Con Robert orcid.org/0000-0003-2315-8153 et al. (3 more authors) (2017) Challenges in the development of bio-based solvents : A case study on methyl(2,2-dimethyl-1,3-dioxolan-4-yl)methyl carbonate as an alternative aprotic solvent. FARADAY Many traditional solvents have drawbacks including sustainability and toxicity issues. Legislations such as REACH is driving the move towards less hazardous chemicals and production processes. Therefore, safer bio-based solvents need to be developed. Herein, a 10 step method has been proposed for the development of new bio-based solvents that utilise a combination of in silico modelling of Hansen solubility parameters (HSPs), experimental Kamlet-Abboud-Taft parameters, selection of green synthetic routes followed by applications testing and toxicity measurements. The challenges that the chemical industry face in the development of new bio-based solvents are highlighted through a case study on methyl (2,2dimethyl-1,3-dioxolan-4-yl) methyl carbonate (MMC) which can be synthesised from glycerol. Although MMC is an attractive candidate as a replacement solvent, simply being bio-derived is not enough for a molecule to be regarded as green. The methodology of solvent development described here is a broadly applicable protocol that will indicate if a new bio-based solvent is functionally proficient, but will also highlight the importance of early stage Kamlet-Abboud-Taft parameters determination and toxicity testing in the development of a green solvent. 14 
Introduction
Solvents are commonly applied in large volumes in industrial and lab-based procedures as a reaction medium in addition to their use for extraction, separation and purification. 1, 2 In 2012, global consumption of solvent was about 28 million tonnes. 3 Despite their large scale use, issues relating to their environmental impact, health, safety and sustainability remain. Many traditional organic solvents are toxic, while some halogenated solvents have been shown to deplete the ozone layer. 4 Furthermore, most conventional organic solvents are non-renewable and therefore at odds with the principles of sustainable development. 5 Since 2006, European Regulation (EC) No 1907/2006 ' E A C 'EACH within the EU. 6 REACH obliges companies to register and provide comprehensive physical properties, toxicological data and environmental data for every chemical that is manufactured or imported in quantities of one tonne or more T 'EACH process can place a substance on a list of Substances of Very High Concern (SVHC). 7 This list includes traditional solvents such as 1-methyl-2-pyrrolidone (NMP), N,Ndimethylformamide (DMF) and N,N-dimethylacetamide (DMAc). The sale and use of each SVHC will be restricted or effectively prohibited. Restrictions are already in place for many hazardous substances including the widely used conventional solvents dichloromethane (DCM), chloroform, benzene and toluene. 8 Any products containing inappropriate substances as defined by REACH will be eliminated from the ' A " D N -food P 'APEX 9 Outside of Europe, other laws including " I C E P A C 10 C F ' T U"A 11 also limit the use of toxic substances. In order to avoid the issues of traditional solvents and abide by relevant legislation, it is important to intelligently develop REACH compliant substitutes to conventional solvents while retaining their desirable properties.
The challenge for developing bio-based solvents
Bio-based solvents have been identified as green candidates to replace petroleum-derived solvents. 12, 13 The benefit of biobased solvents is that they are renewable and potentially do not result in a net increase of carbon dioxide in the atmosphere at the end of their lifetimes. Up to now, a number of bio-based solvents such as dihydrolevoglucosenone C Please do not adjust margins Please do not adjust margins (GVL) 19 have been developed. Despite their advantages, biobased solvents are not necessarily safer, less toxic, or more environmentally benign compared to conventional solvents and so full analysis must be carried out before they can be classified as green. Some of the main challenges in the development of bio-based solvents are data availability (physical properties and toxicity), performance and cost. Biobased solvents offer the opportunity to develop renewable and sustainable alternatives to traditional petrochemicalderived solvents. The EU will shortly ratify the European biobased solvent standard, which will set out the requirements for these solvents in terms of properties, limits, application classes and test methods. 20 It details for assessment and standardises the determination of bio-based content for these molecules. Such standards for solvents will aid to increase the development of this important class of bio-based products. Herein, a methodology has been proposed to develop new biobased solvents based on our understanding of the challenges involved ( Figure 1 ). The methodology of solvent testing described here is a broadly applicable protocol that will indicate if a new solvent is functionally proficient (through a combination of in silico modelling, property measurements and lab scale testing), but will also highlight potential health risk of the solvent under investigation. The combination of such a methodology and the use of the European bio-based solvent standard will be a powerful tool for bio-based solvent development. This method is then applied to the development stages of a bio-based solvent, methyl (2,2-dimethyl-1,3dioxolan-4-yl) methyl carbonate (MMC), in a case study.
Recently, MMC was synthesised in two steps from glycerol and was reported to be green due to the renewable nature of the feedstock and the clean synthetic methods used in its synthesis. 21 22 23 (dipolarity). 24 A two-dimensional KAT solvent plot (map) can be the x-T mploying Solvents which are in close proximity to one another on the solvent map are likely to have similar solvent properties, especially in reaction chemistry. An example of a KAT solvent map of aprotic solvents, both conventional and bio-based, can be seen in Figure 2 . The solvent data shown is indicative, and far from exhaustive. 25 Step 2: Identify substitute solvents In this step, the availability of potential solvents, bio-based or fossil derived, is deduced, also using a solvent polarity map. A comparison of physical properties (should they be known) to the ideal characteristics can be similarly made. However, it is not always the case that an obvious and readily available candidate for solvent substitution will be available. In such an instance, a bespoke synthesis of a new solvent maybe required. Although the effort needed is substantial, designing a benign solvent to excel in a particular application is rewarding in the long run. However, the end product must be suitable from a performance, toxicity, environmental and economic perspective. Applying the following steps can help guide this process, but first one must propose molecules that could fulfil the requirements which are currently satisfied by the solvent destined for substitution. This could be speculative, but better still is the use of computer programs that generate solvent candidates based on physical property requirements, 26 28 or available transformation of a bio-based platform molecule. 29, 30 Step 3: In silico modelling of candidate solvents
It is vital to calculate the properties of potential bio-based solvents before synthesis in order to fast screen through all promising candidates. The Hansen solubility parameters have been employed for over five decades to measure solvation power, and are amongst the most valuable solvent properties that can be accurately predicted. 31, 32 The Hansen solubility parameters are three different scales: D (dispersion forces), P (dipole forces) and H (hydrogen bonding forces). They can be used to construct the three-dimensional Hansen space, in effect another type of polarity map. The distance between two solvents, R a , in the Hansen space is defined in eqn (1) below:
(1) R a = 4( D2 D1 ) 2 + ( P2 P1 ) 2 + ( H2 H1 )
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Generally, if the R a value between two solvents is low, they are likely to have similar solvency power and dissolve the same Hansen Solubility Parameters in Prac (HSPiP, 4th Edition 4.1.04) is a computer program which can be utilised as a powerful tool to predict Hansen solubility parameters. 33 HSPiP can generate the 3D Hansen space and calculate the R a value between different solvents. As such it assists users in their comparison of solvent candidates with traditional solvents, and can be applied to postulated
Step 4: Selection of synthetic pathway to candidate solvent
Once a target molecule has been identified, a synthetic route T biomass, most likely an established platform molecule. 34 A detailed study of the literature will generate numerous potential routes from raw material(s) to product and the greenest of which must be selected. Applying green chemistry principals in route selection is not facile, requiring a fair and holistic methodology that can be easily applied using the data at hand and in a convenient time frame. This is best achieved using a metrics toolkit such as that developed for the pharmaceutical industry. 35 Step 5: Optimisation of solvent synthesis
The devised synthetic pathway to the target compound must then be applied in practice. Literature precedents are more than likely based on shared functionality as opposed to the reactants selected and therefore may not work or require optimisation. Green chemistry principles must also be applied when changing reaction time, temperature, catalyst, loading, solvent, etc. This would most likely be through monitoring using the same metrics from the step 4. Sufficient solvent needs to be synthesised at the desired purity to allow for full characterisation and application testing. This could be up to 1 L or even more, although a batch-wise synthesis might be necessary at first.
Step 6: Defining physical properties of the solvent
In order for a solvent to be applied, various physical and solubility properties must be first defined. For a formal list of solvent requirements, the European technical specification for bio-based solvents is helpful (CEN/TS 16766:2015). 20 There are no thresholds to define what physical properties are acceptable, only that the data is presented in a certain way, according to specific test methods. The mandatory solvent characteristics that must be known to adhere to CEN/TS 16766:2015 are composition (for formulations), polarity (Hansen solubility parameters), boiling point, vapour pressure or evaporation rate, colour, density, and viscosity. The one requirement in CEN/TS 16766:2015 that does employ a threshold is the bio-based content of the solvent, which must be at least 25%. 36 Additionally, the biomass feedstock must be classified as sustainable, either by formal certification or an equivalent assessment. Finally, any solvent containing ether functionality presents a risk of peroxide formation; as such auto-oxidation potential must be evaluated at an early stage. 37 Step 7: Assessing solvent application and toxicology
The performance of the candidate solvent must be assessed in applications for which it has been predicted to be useful. When creating replacements for general purpose laboratory solvents, model reactions such as Friedel-Crafts acylation (see later), Menshutkin N-alkylation, 14 Diels-Alder cycloadditions, 38 and cross-coupling reactions 39 serve well for the demonstration of polar solvents. Esterification reactions and amidations are suitable for the demonstration of weak and non-hydrogen bonding solvents. 15 Multicomponent reactions forming heterocycles can also be used to test the performance of solvents. 40, 41 Equally important to understand is the toxicity and environmental impact of solvents. However, full toxicity testing is very expensive and time consuming. Quantitative structure-activity relationship (QSAR) methods, such as TEST by the EPA, have gained interest in recent years. 42 Q"A'
statistical models which use a database of chemicals of a known activity, such as median lethal dose (LD 50 ) or bioaccumulation factor (BCF), to predict the unknown activities of other molecules. While predictive software such as TEST is a valuable tool in assessing toxicity, predictions are not always reliable or have a high margin of error. As such, predictions must be confirmed experimentally, which brings us back to the original problem: cost and time. The Ames test is a simple first test of mutagenicity. 43 Although mutagenicity does not imply carcinogenicity, a strong correlation between the two is well established. 43 46 Two mutated Salmonella typhimurium (His -) strains are employed in the Ames test; they are auxotrophic, which means they are unable to synthesize the histidine required for their growth and so cannot survive in the histidine-free media of the Ames test. Mutagenic compounds can revert these His strains back to their prototrophic state (His + ), at which point they can synthesise the histidine required for their growth, enabling them to grow in the histidine-free medium. As bacteria cells are different from mammalian cells, rat liver extracts are often used in combination for a more accurate representation of humans.
The reason for this that the liver is the organ responsible for the breakdown of ingested material in mammals. Some initially non-mutagenic chemicals can metabolize into mutagens during the breakdown process in the liver. 44 Please do not adjust margins Please do not adjust margins Techno-economic assessments provide a cost-benefit analysis for the potential manufacture of a solvent, utilising various methods. 48 If the solvent candidate is a suitable product (according to the previous steps) then its commercialisation must be achieved through an environmentally and economically sound process for its benefits to be realised. Techno-economic assessments can be difficult and inaccurate based on lab scale synthetic procedures so it is beneficial to r understanding. Equipment to carry this out is not widely available in university laboratories and so coordination with industrial partners can play a major role in getting new solvents from the lab to commercialisation.
Step 9: Solvent greenness assessed with the CHEM21 solvent selection guide Chemical Manufacturing Methods for the 21st Century P I CHEM E private partnership aiming to develop sustainable manufacturing routes to pharmaceuticals. Along with the metrics toolkit, 35 CHEM21 published a solvent selection guide unifying publicly available solvent selections guides from the pharmaceutical industry. 49 The CHEM21 solvent selection guide is easily applied to rank solvents based on proposed criteria of Safety, Health and Environment in compliance with the Global Harmonized System (GHS) and European regulations. This methodology showed good agreement with classical solvents and was also used to rank novel, less classical solvents using a simple and freely available spreadsheet. This same methodology should be used to evaluate the candidate solvent according to the obtained physical and toxicological data.
Step 10: Life cycle assessment (LCA) of the solvent A life cycle assessment (LCA) is a tool that can be employed to evaluate the environmental impact of a product or process through calculating its emissions. An equivalent tool for the social impact of goods and services, social life cycle assessment (S-LCA), is also possible. 50, 51 Before a commitment to manufacturing is made, a pro-active application of LCA is needed to help guide the development of the process. Life cycle assessment can also be applied retrospectively to identify and eliminate areas of concern as they arise.
Results and discussion
In the case study presented, the methodology described above was used to direct the development of a new bio-based solvent. Each step acts a filtering process, whereby any solvent candidates failing to meet the requirements, whether they be enforced by legislation or imposed by user requirements, can be disregarded to focus resources.
Step 1: Identifying halogenated solvents for replacement
As shown in Figure 2 , currently there is only one aprotic biobased solvent (Cygnet 0.0) with a medium to high dipolarity 52 In this area on a conventional aprotic solvent map reside the halogenated solvents dichloromethane (DCM) and chloroform, which are rated as hazardous and highly hazardous respectively. 49 In addition, suitable physical properties such as boiling point are desired but not priority in this study. The advantage of a higher boiling point is that less solvent is lost to the atmosphere but with the disadvantage of more difficult removal at the end of a process. Therefore, it is important to develop new bio-based solvents which occupy this area of the map. Any solvent with the polarity of halogenated solvents but without the implicit issues surrounding the presence of a halogen atom would be a highly valuable addition to the current catalogue of bio-based solvents.
Step 2: Selecting organic carbonates of glycerol formal and solketal as candidate solvents
Glycerol and its derivatives are well established in the field of bio-based solvent research. 19, 53, 54 Glycerol is a versatile compound which has many green merits such as being renewable, non-toxic (LD 50 = 12,600 mg/kg), biodegradable and cheap. 55, 56 Glycerol is a by-product of biodiesel production through the transesterification of triglycerides and was listed by the National Renewable Energy Laboratory (NREL) as one of the top twelve platform molecules which can be derived from biomass. 57 Approximately 10 kg of crude glycerol can be obtained during the production of 100 kg of biodiesel. Due to the large volumes of glycerol produced, biological or chemical conversion of surplus glycerol to highvalue products has received significant attention. 58 At present, the main research fields of glycerol derived solvents are alkyl glycerol ethers, glycerol carbonate/esters of glycerol carbonate, glycerol-based ILs, glycerol formal and solketal. 59 The modification of glycerol formal and solketal (solvents in their own right) into new aprotic solvents is an unexploited field. Reacting at the alcohol can produce aprotic molecules, and the extended functionality may well increase dipolarity without increasing the hydrogen bond basicity ( ). The organic carbonates of glycerol formal and solketal were identified as the target molecules in this work (Scheme 1).
Step 3: In silico modelling to identify the target solvent
Potential new carbonate solvents, produced from glycerol formal and solketal, and their properties are listed in Table 1 . The Hansen solubility parameters of DCM and chloroform were selected as references. The boiling point and R a (relative to DCM and chloroform) of each candidate was calculated in HSPiP. After the screening, methyl (2,2-dimethyl-1,3-dioxolan-4-yl) methyl carbonate (MMC) was selected as the target solvent due to its lower R a to DCM and chloroform. The predicted boiling point of MMC (222 °C) is much higher than that of DCM or chloroform but this is unavoidable given the molecular size and structure. However, the similar solvency power of MMC to these halogenated solvents could remain interesting. The position of MMC and other nearby conventional solvents in the 3D Hansen space can be seen in the electronic supplementary information (ESI S1).
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Please do not adjust margins 60, 61 As is evident, yields and atom economy and PMI for either route are very similar. RME is significantly worse for route (ii) as DMC acts as both a reactant and solvent, but is an acceptable solvent as opposed to acetonitrile which is problematic. The most significant difference is in the inherent health and safety, with dimethyl carbonate widely accepted as a biodegradable and non-toxic green compound, 62 as opposed to methyl chloroformate which is highly toxic. Thus, the DMC synthesis is more promising as a green route to MMC.
Step 5: MMC synthesis and optimisation
Although MMC synthesised from solketal via DMC chemistry has been previously reported, 21 conditions were applied to preferentially give methylation as opposed to carboxymethylation. Additionally, the products were synthesised as part of a mechanistic study and not considered as solvents. As such optimisation towards carboxymethylation and determination of further physical properties were required. In this work, MMC was synthesised and the procedure was optimised (see ESI). The optimised reaction conditions are: reaction time = 20 h, 0.1 mol% K 2 CO 3 and DMC/solketal mole ratio = 20:1. The isolated yield of MMC after distillation was 91% (99% purity by GC).
S D MMC
towards peroxide formation Table 3 lists the experimentally observed properties of MMC. The boiling point of MMC was measured to be 232 °C by distillation, only 10 °C higher than the HSPIP estimate. Distillation is extensively used as a product isolation technique in batch processes and therefore solvents with high boiling points, such as MMC, can be problematic unless the product can be crystalized from solution with relative ease. The melting point was determined to be -7 °C by differential scanning calori D"C MMC temperature chemistry. The density of MMC was determined to be 1.14 g·cm -3 at 298 K, similar to DCM and chloroform. The viscosity of MMC is also comparatively high as compared to other solvents which may generate issues in processing. Like many other bio-based solvents, MMC does not contain any halogen atoms or heteroatoms aside from oxygen, thus eliminating environmental risk to the ozone layer and atmospheric pollution in the form of NO x and SO x . Methyl (2,2dimethyl-1,3-dioxolan-4-yl) methyl carbonate is immiscible with water, enabling applications in liquid-liquid extractions, although more testing is needed in this regard. As MMC contains ether functionality, it has the potential to produce explosive peroxide compounds via autoxidation by atmospheric O 2 . An initial test to investigate the formation of peroxides in MMC was carried out by employing peroxide test strips (Macherey-Nagel, QUANTOFIX® Peroxide-100) to test for any peroxides present in solution. After 224 days of testing without antioxidants or stabilisers, peroxide concentration in MMC was below the detection limit. This demonstrates MMC did not readily form peroxides at ambient temperatures over the period of testing, although the routine addition of a stabiliser is recommended. Its position on the solvent map indicates that MMC has similar solubility properties to dimethyl carbonate, 1,4-dioxane, acetonitrile and acetic anhydride (Figure 2) . These results are evidence that MMC too readily accepts hydrogen-bonds to be considered a replacement for the halogenated solvents DCM and chloroform. Moreover, since MMC is like DMC in terms of polarity, it may not be beneficial to consume DMC to make MMC. However, MMC fulfils the criteria to undergo performance and toxicological testing.
Step 7: Assessing the performance of MMC as a solvent and toxicological testing
Friedel-Crafts acylation and Diels-Alder cycloaddition reactions were selected to evaluate the performance of MMC compared to traditional solvents. If, by chance, the performance of MCC exceeded the expectations established by its measured polarity, it would be worth pursuing beyond this stage of solvent development. These two reactions are commonly performed with halogenated solvents. Analysis of the experimental results allows a comparison of the solvent performance of MMC with a range of traditional solvents. The synthesis of 4-methoxyacetophenone (4-MAP) from anisole and acetic anhydride catalysed by FeCl 3 (Scheme 3, (iii)) was selected to evaluate the performance of MMC in the Friedel-Crafts reaction. It was found that the reaction conducted in MMC resulted in a yield of 61% 4-MAP ( Figure 3 ). Although this is lower than when using DCM, it is higher than all other solvents tested. The performance of MMC was also assessed in the synthesis of 1-(3,4-dimethylcyclohex-3-enyl) ethanone (DE) from 2,3dimethylbuta-1,3-diene (diene) and 3-buten-2-one, catalysed by anhydrous YbCl 3 (Scheme 3, (iv)). 63 Dichloromethane, propylene carbonate and acetonitrile all exhibited high yields (>95%), while ethyl acetate, acetone and MMC produced yields of 75%-80% ( Figure 3 ). These results indicate that the solvent properties of MMC are more similar to ketone and ester solvents in the Diels-Alder reaction.
The results of the two experimental case studies show both reactions are highly dependent on the polarity of the solvent. Specifically, a high * is favoured, a trend that is especially true in the case of the Diels-Alder reaction. MMC is competitive in terms of yield, but the superior polarity of DCM makes it the technically more proficient solvent, albeit suspected as a carcinogen. Across both case studies propylene carbonate, with its strong molecular dipole moment, was also apt as a reaction solvent and worth considering as a solvent for these transformations.
The mutagenicity of MMC was tested using the Ames test. TA98 and TA100 were utilised for the detection of frameshift mutations and base substitution mutations, respectively. Dimethyl sulfoxide (DMSO) was employed as a solvent. A mixture of 2-nitrofluorene (2-NF) and 4-nitroquinoline-N-oxide (4-NQO) was utilised as the positive control. This Ames test was conducted without S9 microsomal activation and so metabolites could not be investigated. MMC was not found to be mutagenic using the TA100 strain (ESI S3). However, MMC was found to be mutagenic for the TA98 strain (ESI S3). This indicated that MMC is likely to be a mutagenic solvent and hence, a possible carcinogen. Consequently, although MMC is a bio-based solvent, its potential toxicity means it is unlikely to be considered for further testing for use as a green solvent. This assay demonstrates the usefulness of the Ames test as a first port of call for toxicity testing and that any new bio-based solvent needs toxicological test before application. The remaining 3 steps have not been completed for MMC as the solvent failed to pass step 7, however were techno economic assessment included, many detailed examples in the literature could have been emulated.
Step 8: A techno-economic assessment of the solvent
Specific examples regarding solvents can be found in the comparison of various small alcohols from biomass, 64 different strategies towards ethanol bio-refineries, 65 and strategies towards production of various fatty esters. 66 The majority of such studies have so far been directed towards fuels where margins are very tight but for a new bulk chemical to be industrially feasible it must meet the triple bottom line, to have an environmental, social and economic advantage. 67 As such, any new bio-based solvent must demonstrate a theoretical economic competitiveness to be further considered. A key factor that is missing from the principles of green chemistry is that any green product or synthesis must be cost effective. It is therefore of vital importance to undertake a techno-economic assessment of the solvent. If at this stage MMC was found to be cost competitive and feasible, further Safety, Health and Environment testing would be required in step 9.
Step 9: Solvent greenness assessed with the CHEM21 solvent selection guide
As stated, this is a simple assessment criteria to apply using the published methodology. The data collected in step 6 is sufficient to gain an accurate safety score, with the exception of resistivity which requires specialised equipment to determine as the high impedance requires a high voltage to be applied. With reference to the health and environment ranking, as MMC is relatively novel, it has no Global Harmonized System (GHS) hazard statements nor is it REACH registered which would result in a default score of 5 (problematic) in both categories. Testing required to generate GHS data and meet REACH criteria is potentially expensive and laborious and thus should only be carried out on solvents of real promise. If MMC was still a promising candidate at this stage the full green credentials would be assessed and then the molecule would be registered under REACH, thus providing the comprehensive physical properties, toxicological data and environmental data for the solvent. However, the mutanagenic results associated with MMC would make it a Please do not adjust margins Please do not adjust margins potential Substance of Very High Concern, requiring the full annex VIII data set. 68 Step 10: Life cycle assessment (LCA) of the solvent At the same time as REACH registration is being sought, a full cradle to grave LCA of the solvent will provide a holistic assessment of the solvent. Thus providing investors and end users with the confidence to commercialise the process or utilise the solvent in their processes.
Conclusion
In this work, a methodology to focus the development of new bio-based solvents was proposed in order to accelerate the implementation of greener solvents. A case study on the development of a potential bio-based solvent, methyl (2,2dimethyl-1,3-dioxolan-4-yl) methyl carbonate (MMC), was carried out to exemplify the process. Although MMC is an attractive candidate as a replacement solvent, simply being bio-derived is not enough for a molecule to be regarded as green. This work highlights a systematic method for the development of bio-based solvents, which importantly promotes the use of toxicity testing at an early stage in the development of bio-based molecules. The Hansen solubility parameters and reaction data indicated that MMC could be an attractive bio-based aprotic solvent. The KAT parameters of MMC clarified its polarity, potential reactivity and were found to be similar to dimethyl carbonate. More importantly, MMC was found to be a mutagen in a preliminary Ames tests. The methodology of bio-based solvent development described here is a widely applicable approach that highlights the significance of using KAT parameters and toxicology research in the early stage of exploitation of any new bio-based solvent.
The combination of such a protocol and the utilisation of the European technical specification (CEN/TS 16766:2015) for biobased solvents can be an efficient way forward for the rational substitution of hazardous, unsustainable solvents.
